(EMT) and its reverse-MET. Cells can also undergo partial transitions to attain a hybrid epithelial/mesenchymal (E/M) phenotype that has maximum cellular plasticity and allows migration of Circulating Tumor Cells (CTCs) as a cluster. Hence, deciphering the molecular players helping to maintain the hybrid E/M phenotype may inform antimetastasis strategies. Here, we devised a mechanism-based mathematical model to couple the transcription factor OVOL with the core EMT regulatory network miR-200/ ZEB that acts as a three-way switch between the E, E/M and M phenotypes. We show that OVOL can modulate cellular plasticity in multiple ways -restricting EMT, driving MET, expanding the existence of the hybrid E/M phenotype and turning both EMT and MET into two-step processes. Our theoretical framework explains the differences between the observed effects of OVOL in breast and prostate cancer, and provides a platform for investigating additional signals during metastasis.
INTRODUCTION
Metastasis, the cause of more than 90% of cancerrelated deaths [1] , begins when cancer cells go through an Epithelial-to-Mesenchymal Transition (EMT) to leave the primary tumor and migrate towards blood vessels. Next, the metastatic cells stay in blood circulation as Circulating Tumor Cells (CTCs) until they exit at distant organs to seed micrometastases. During seeding, cells undergo the reverse of EMT -Mesenchymal-to-Epithelial Transitions (MET) -to regain their epithelial characteristics and form secondary tumors [2] . Similar EMT-MET cycles also happen during embryonic development and tissue repair, but not in adult homeostasis. Their aberrant activation is a hallmark of cancer metastasis. Therefore, understanding this phenotypic plasticity of cancer cells is likely to provide important clues for hindering metastatic progression. www.impactjournals.com/oncotarget Transitions between epithelial and mesenchymal phenotypes may occur through an intermediate phenotypehybrid epithelial/mesenchymal (E/M) phenotype [2, 3] . This hybrid E/M phenotype has been observed in tissue morphogenesis (type I EMT) [4] , wound healing (type II EMT) [5] , and in during metastasis (or type III) EMT [6, 7] , and is considered to be 'metastable' [8] . It provides the cells with the maximum plasticity to switch to being epithelial or mesenchymal, thereby facilitating subsequent rounds of EMT and MET during organogenesis and the spread of metastatic disease [9] . Cells belonging to this phenotype have combined epithelial (cell-cell adhesion) and mesenchymal (motility) traits that enable them to migrate collectively, as seen during migration of CTCs as clusters in the bloodstream of lung, prostate and breast cancer patients [10] [11] [12] [13] . These CTC clusters can have up to 50-times more metastatic potential than the individually migrating CTCs [14] . Presumably, seeding several cells at the new niche increases the probability of the micrometastases to develop into mature metastases [15] . Therefore, the ability of metastatic cells to acquire a hybrid E/M phenotype renders them to pose a higher risk of metastasis. Hence, deciphering the molecular players that enable the cells to maintain the hybrid E/M phenotype may inform anti-metastasis strategies.
Whether epithelial cells would undergo no EMT, partial EMT or complete EMT depends on the tissuespecific signaling pathways that regulate EMT/MET. In many carcinomas, these signals converge into a decisionmaking gene regulatory circuit that comprises of a mutually inhibitory feedback loop between the microRNA family miR-200 and the transcription factor family ZEB. Epithelial cells have high expression of miR-200 and low expression of ZEB, and conversely, mesenchymal cells have high expression of ZEB and low expression of miR-200 [16] [17] [18] . Recently, it was shown that the miR-200/ ZEB circuit can operate as a three-way switch, allowing for an additional phenotype, hybrid E/M, that corresponds to medium expression of both miR-200 and ZEB [19, 20] . Notably, this epithelial-mesenchymal plasticity is regulated by tissue-specific coupling of this loop to many other key players.
One of the key players that affects EMT/MET in a tissue-specific context is a family of transcription factors-OVOL [21, 22] . OVOL is a well-known regulator of embryogenesis [23] [24] [25] [26] that is activated by BMP7/ Smad4 pathway and C/EBP-β [27, 28] , and inhibited by the repressor complex Armadillo/dTCF downstream of Wg signaling [25] . In prostate and breast cancer cell lines, OVOL can induce the expression of miR-200 and consequently acts as a driver of MET [29] . In a different context where EMT happens, during mammary morphogenesis, OVOL is expressed in the terminal end bud (TEB) cells that migrate collectively with finger-like projections, and its knockdown can lead to a complete EMT reflected by individual cell migration [22] . Thus, OVOL operates as a "critical molecular brake on EMT" by preventing the "TEB cells that have gained partial plasticity" from undergoing complete EMT, thus maintaining the cells in the hybrid E/M phenotype [22] . Together, these studies demonstrate that OVOL shepherds or guides the cell-fate determination, but it remains elusive how can it act as both a driver of MET and a brake holder of EMT.
Understanding this shepherding role of OVOL calls for investigating the interplay of OVOL with the EMT regulatory circuit -miR-200/ZEB. OVOL and ZEB inhibit each other transcriptionally [29] and OVOL is selfinhibitory [30] . Also, in prostate cancer, but not breast cancer, OVOL activates STAT3 [21] that inhibits miR-200 [31] ( Figure 1A-1C ). Here, through mathematical modeling, we elucidate the role of OVOL in affecting cellular decision making between the acquisition of the three phenotypes -E, M and E/M. Given the different couplings of OVOL with miR-200/ZEB for prostate cancer and breast cancer, we analyze both these cases separately.
We found that in the presence of OVOL, higher levels of EMT-inducing signals (such as TGF-β) are required to induce a partial or complete EMT, because endogenous levels of OVOL maintain cells in epithelial and hybrid E/M phenotypes, hence acting as a brake holder of complete EMT. Consistently, inhibition of OVOL can drive a complete EMT. Also, OVOL enables higher epithelial-mesenchymal plasticity to the cells by allowing them to undergo a partial MET, and its overexpression can drive a complete MET. Therefore, the levels of OVOL can determine the phenotype that the cells adopt -epithelial, mesenchymal or hybrid E/M. Our results present OVOL as a transcription factor that shepherds EMT/MET -it can both drive MET and halt EMT in a context-dependent manner, and also plays a crucial role in helping cells maintain the hybrid E/M phenotype.
RESULTS

ZEB/OVOL coupling sets the conditions for phenotypic transitions
As a first step towards understanding the effect of OVOL on EMT/MET, we analyze the dynamics of the ZEB/OVOL mutual inhibition circuit (without including miR-200) driven by a fixed input signal I, mimicking the effects of signals that activate OVOL such as the BMP7/ Smad4 pathway. We found that this circuit generically exhibits monostability, i.e. it cannot give rise to phenotypic transitions since only a single stable state (phenotype) can exist ( Figure 2A ). The term 'generically' indicates that it is the characteristics behavior of the circuit for a wide range of physiologically realistic parameters deduced from experiments (Table S1, 2). As the signal I increases, the expression values of the stable state shifts smoothly towards higher levels of OVOL and lower levels of ZEB. This shift allows the ratio of ZEB to OVOL protein levels (or ZEB/OVOL ratio) to vary along a continuum without undergoing any phenotypic transitions. Since ZEB can drive EMT [16, 17] and OVOL can drive MET (or halt EMT) [22, 29] , the ZEB/OVOL ratio can serve as a trigger or threshold point for EMT and MET. The exact physiological parameters of the circuit depend on the genetic/epigenetic profile of cells in a particular cancer [29] , therefore the ZEB/OVOL ratio required for phenotypic transitions (EMT or MET) is case-specific, thus explaining variations in epithelial plasticity.
Next, we investigate the effects of different strengths of the self-inhibition of OVOL and self-activation of ZEB on the ZEB/OVOL expression ratio. ZEB/OVOL circuit is monostable for a wide range of the circuit parameters, but it can give rise to bistability (give rise to phenotypic transitions) for very strong self-activation of ZEB and a very weak self-inhibition of OVOL ( Figure 2B ). This result suggests that the self-inhibition of OVOL, but not the self-activation of ZEB, plays a crucial role in maintaining the ZEB/OVOL circuit to be monostable.
Further, it is the OVOL self-inhibition, but not ZEB self-activation, that can reduce the impact of external noise in the incoming signals that activate OVOL (such as BMP4/ Smad7) ( Figure S3 ). This noise-buffering characteristic of OVOL can prevent aberrant activation of EMT due to transient inputs from the microenvironment, and can "safeguard epithelial identity" [32] . Such a "guardian" role for OVOL has been shown during epidermal differentiation and mammary duct elongation, cases where EMT needs to be repressed; and depleting OVOL interferes with proper epithelial differentiation [22, 32, 33] .
Equipped with the new understanding, we proceeded to investigate the dynamics of the combined Figure 2C ). However, at higher levels of SNAIL, this ratio increases and the cells can undergo complete EMT ( Figure 2D ). These results are consistent irrespective of whether OVOL inhibits miR-200 or not (Figure 2 , Figure S4 ), i.e. the ZEB/OVOL expression ratio regulates the transition point for both EMT and MET, for both breast cancer and prostate cancer.
OVOL as a break holder of complete EMT and an expander of hybrid E/M phenotype
The response of the miR-200/ZEB/OVOL circuit to different levels of SNAIL (e.g. via TGF-β) is presented as a bifurcation diagram in Figure 3 . For low SNAIL levels, cells attain the epithelial (E) phenotype, and as SNAIL 
Green solid circles denote stable fixed points, and green hollow circles denote unstable fixed points. Corresponding phenotypes have been depicted alongside the stable steady states. www.impactjournals.com/oncotarget increases, EMT is induced, however only partially, and the cells attain the hybrid E/M phenotype. Further increase in SNAIL levels induces a complete EMT, and the cells adopt a mesenchymal (M) phenotype. The range of values of SNAIL for which the hybrid E/M phenotype exists is larger for miR-200/ZEB/OVOL circuit as compared to that for miR-200/ZEB circuit in the absence of the OVOL, irrespective of whether OVOL inhibits miR-200 or not (compare the green shaded region in Figures 3B and 3C vs. that in Figure 3A ). These results indicate that in presence of OVOL, higher levels of EMT-inducing signals are required to complete EMT.
These results are consistent with the experimentally suggested role of OVOL in preventing the cells that have undergone partial EMT to undergo complete EMT, hence acting as a "critical molecular brake on EMT" [22] . Similarly, SNAIL levels required to induce even a partial EMT are higher for the case of miR-200/ZEB/ OVOL circuit as compared to those for the miR-200/ZEB circuit. Hence, OVOL expands the range of physiological conditions for which the epithelial and hybrid E/M phenotypes can exist, thus halting the progression of EMT.
During MET, when SNAIL levels are decreased, mesenchymal cells initially undergo a partial MET to attain the hybrid E/M phenotype and on further decrease in SNAIL, MET is completed, i.e. the cells attain an epithelial phenotype ( Figure 3B , 3C). This behavior is different from that of miR-200/ZEB circuit, where EMT happens through the hybrid E/M phenotype, but MET proceeds directly from mesenchymal phenotype to the epithelial one ( Figure 3A ). Therefore, OVOL facilitates higher plasticity on the epithelial-mesenchymal axis in both directions (EMT/MET).
To further investigate the role of OVOL in EMT/ MET, a phase diagram (two-dimensional bifurcation diagram) where the action of SNAIL (or equivalently TGF-β) is represented by two independent signals -S1, a transcriptional activator of ZEB and S2, a transcriptional inhibitor of miR-200 -was calculated ( Figure 3D The phenotype selection, when more than one phenotype is possible, depends on the specific epigenetic and genetic profile of that individual cell, its local microenvironment and the previous signals it has received. Clearly, the total area corresponding to the phases that contain E/M as one of the states or the only state increases in presence of OVOL (compare the area bounded by black dots in Figures 3E, 3F vs. that in Figure 3D ).
Previously, we found that without OVOL, the E/M phenotype can only exist when other phenotypes are also possible, i.e. in the {E/M, M}, {E/M, E} and {E, E/M, M} phases [19] . Here we found that in the presence of OVOL, it can also exist alone in {E/M} phase, i.e. it can be the only possible phenotype for a range of physiological parameters. This result holds true irrespective of whether OVOL inhibits miR-200 or not. In addition, the range of physiological parameters for which the hybrid E/M phenotype can exist alone or as one of multiple possible phenotypes increases when OVOL effect is included, and the effect is more pronounced in the case of prostate cancer ( Figure 3A-3F) .
Further, the inhibitory feedback of OVOL by ZEB has been reported for prostate and breast cancer [29] , but not during mammary morphogenesis and epidermal development [22, 33] . Comparing these two situations (with and without the inhibitory feedback), we found that the effect of OVOL as a promoter of the hybrid E/M phenotypes is amplified when it is weakly or not inhibited by ZEB ( Figure S5 , S6). These results might explain why some studies interpreted OVOL as a "molecular brake on EMT" rather than a MET driver [22] . Hence, a plausible reason why OVOL might not be inhibited by ZEB during mammary morphogenesis and epidermal development is the need for higher plasticity.
Put together, the model investigations show that endogenous or basal levels of OVOL in the cells can extend the range of physiological conditions for which the hybrid E/M phenotype can exist and restrict the progression towards complete EMT in multiple contextsbreast and prostate cancer, mammary morphogenesis, and epidermal differentiation.
Over-expression of OVOL can drive the mesenchymal-to-epithelial transition
Next, to mimic the effect of OVOL being activated by BMP7/Smad4 pathway and/or C/EBP-β [27, 28] , we evaluate the effect of an external activation signal (SA) on OVOL under different levels of SNAIL. For both breast cancer and prostate cancer, a weak activation of OVOL causes the mesenchymal cells (i.e. cells with high levels of SNAIL) to undergo a partial MET to attain a hybrid E/M phenotype, even at high levels of SNAIL ( Figure 4A , 4C). Stronger activation can cause the breast cancer cells in mesenchymal phenotype to go through complete MET and attain the epithelial phenotype ( Figure 4A ). These results, are consistent with the experimentally identified role of OVOL as an MET-inducer [29] . In the case of prostate cancer, due to the additional inhibition of miR-200 by OVOL, complete MET might not be induced in prostate cancer even at high levels of OVOL expression ( Figure 4C ). These results explain the experimental observations that overexpression of OVOL in mesenchymal prostate cancer cells (PC3-EMT14) increased the levels of miR-200 only modestly and the cells did not go through a complete MET [29] .
For low levels of EMT-inducing signals, cells are in the partial EMT or hybrid E/M state for endogenous levels (no external activation) of OVOL; and a complete MET can be induced by overexpression of OVOL, both for breast cancer and for prostate cancer ( Figure S7 ).
Our results are consistent with experiments showing that the high expression of OVOL correlates with an epithelial phenotype, and reduces the migration and metastatic potential of breast and prostate cancer cells [29] .
Further, we calculate a phase diagram where variable levels of both SNAIL and an external activation signal on OVOL (mimicking, for example, the effect of BMP7/Smad4 pathway) drive the miR-200/ZEB/OVOL circuit. We found that on increasing the activation signals on OVOL, the hybrid E/M phenotype can exist for a wider range of SNAIL, for both breast cancer and prostate cancer ( Figure 4B, 4D ).
OVOL knockdown is critical for cells to complete EMT
To investigate the effect of inhibition of OVOL, for example, by Armadillo/dTCF (Wg signaling), we evaluate the effect of an external inhibition signal (SI) on OVOL for different levels of EMT-inducing signal SNAIL. For epithelial and mesenchymal cells, inhibiting OVOL does not cause a phenotype transition ( Figure S8 ). However, for cells in the hybrid E/M phenotype, inhibiting OVOL causes them to undergo a complete EMT for both prostate cancer and breast cancer ( Figure 5A, 5C) . These results suggest a modest effect of the Wg signaling on miR-200/ ZEB/OVOL and highlight that OVOL needs to be knocked down for cells to complete the EMT, or that the "critical molecular brake on EMT" [22] needs to be lost to drive the cells to complete EMT.
Further, we explore the behavior of the miR-200/ ZEB/OVOL circuit when driven by variable levels of SNAIL and an external inhibition signal of OVOL. We found that the inhibition of OVOL has only a weak effect on the range of existence of the hybrid E/M phenotype for breast cancer, prostate cancer as well as mammary morphogenesis ( Figures 5B, 5D and S6 ). This result is corroborated with experiments showing that during mammary morphogenesis, knockdown of OVOL leads to individual cell migration (mesenchymal phenotype) [22] .
Temporal dynamics of epithelial-hybridmesenchymal transitions
To distinguish between the dynamics of EMT/MET for the miR-200/ZEB circuit and the miR-200/ZEB/OVOL circuit, we present their dynamical response to temporally varying levels of SNAIL for both prostate cancer ( Figure 6 ) and breast cancer ( Figure S9 ). We found that in the presence of OVOL, cells stay in the hybrid E/M phenotype for a longer duration (compare the width of the light brown rectangle in Figure 6C vs. that in Figure 6B ). In addition, OVOL delays the onset of transition from epithelial to the E/M phenotype (compare the beginning time of the light brown rectangle in Figure 6C vs. that in Figure 6B ). These diagrams also denote that OVOL enables the cells to undergo partial MET, a feature that is not observed for the miR-200/ZEB circuit without OVOL (two brown rectangles in Figure 6C vs. one in Figure 6B ). Therefore, OVOL can render both EMT and MET to be two-step processes (E-E/M-M and M-E/M-E).
DISCUSSION
Phenotypic transitions between epithelial and mesenchymal phenotypes (EMT and MET) play a crucial role in cancer metastasis and embryonic development [2, 34] . These transitions can happen through an intermediate or hybrid epithelial/ mesenchymal (E/M) phenotype [2, 3] . The recognized importance of this hybrid E/M phenotype has led to intense experimental efforts [6, 7, [35] [36] [37] [38] [39] , yet it has been given limited theoretical attention till date. Here, we reveal a novel role for the transcription factor family Our results show that OVOL allows higher epithelial-mesenchymal plasticity to cells by fine-tuning the ZEB/OVOL expression ratio and thus deciding the susceptibility of the cancer cells to undergo EMT or MET [29] . This susceptibility is likely to depend on the extent of negative correlation between ZEB and OVOL levels ( Figure S11 ) that can be specific to the tumor type. Such plasticity may also be beneficial during cell-fate decision of neuroectoderm/ mesendoderm, where OVOL and ZEB promote opposite fates [40, 41] . Also, the self-inhibition of OVOL prevents aberrant EMT/MET activation, and can be critical during mammary morphogenesis and epidermal development when EMT needs to be repressed [22, 33] .
Further, we show that in prostate cancer, breast cancer as well as mammary morphogenesis, OVOL can extend the range of physiological conditions under which the hybrid E/M phenotype can exist. Preliminary data shows that OVOL can also transcriptionally inhibit SNAIL (unpublished, Pienta group). We show that this additional link allows more plasticity ( Figure S10 ). Also, OVOL activates NF-kB [21] that plays a key role in associating the hybrid E/M phenotype with a high likelihood of gaining stemness [42] . Therefore, OVOL might be crucial in not only promoting the existence of the hybrid E/M phenotype, but also associating it with gaining stemness. However, future studies are required to validate this proposed role of OVOL.
An important prediction emerging from our analysis is that OVOL enables the cells to undergo a partial MET, i.e. in presence of OVOL, transitions from both E to M and M to E happen through the hybrid E/M phenotypehowever, without OVOL, such a plasticity is possible only under the effect of biological noise [19] . With recent studies reporting partial MET during metastases [43] , it would be important to explore the role of OVOL during colonization of CTCs when EMT needs to be suppressed and cells need to undergo a partial or complete MET [44, 45] .
Our findings that the loss of OVOL can drive the cells to being mesenchymal are in agreement with experiments showing that knockdown of OVOL causes solitary cell migration [22] , and that over-expression of OVOL reduces the migration of cancer cells significantly [29] . Further, one mechanism through which TGF-β drives EMT is by inhibiting C/EBP-β [46] , an activator of OVOL [28] that also prevents EMT in tubular epithelial cells [47] . Besides, BMP7/Smad4 signaling pathway, an upstream activator of OVOL [27] , also counteracts TGF-β driven EMT in renal tubular epithelial cells as well as mammary ductal epithelial cells [48] . The model presented here explains how these diverse observations fit together.
In summary, we present the first step towards understanding the role of transcription factor family OVOL in regulating both forward and backward epithelial-hybrid-mesenchymal transitions. Future efforts should investigate the role of OVOL in modulating other key cellular properties associated with EMT such as stemness [42] , drug resistance [49] and senescence [50] . With increasing attempts being made to map and quantitatively understand cancer signaling networks [51] [52] [53] [54] [55] [56] [57] , the theoretical framework presented here can serve as a basis for future incorporation of additional signals such as p53, TGF-β and HIF-1α, Notch signaling, to elucidate their effects on epithelial-mesenchymal plasticity. A better understanding and control of this plasticity holds promise to provide valuable clues for future development of improved therapeutic strategies to target metastasis [34] . Dynamics of ZEB mRNA ( m Z ) and ZEB protein ( Z ) is described by the follow
METHODS
Mathematical model formulation
species have an innate production and degradation rate. Transcriptional regulation is denoted by shifted Hill functions (H S+ for transcriptional activation and H Sfor transcriptional inhibition.
Details of shifted Hill functions can be found in SI section 1). To capture the effects of miRNA, we consider both the degradation of mRNA by miRNAs (depicted by Y m ) and the inhibition of translation by miRNAs (depicted by L ). Also, the miRNAs that bind to mRNAs can be degraded after forming a complex with mRNAs (depicted by Y μ ).
For the case of prostate cancer (OVOL inhibits both miR-200 and ZEB ( Figure 1B) ), the dynamics of miR-200 ( μ 200 ) can be described by the following equation:
where g μ 200 and k μ 200 are innate production and degradation rates of miR-200 respectively. Dynamics of ZEB mRNA ( m Z ) and ZEB protein ( Z ) is described by the follow
For the case of prostate cancer (OVOL inhibits both miR-200 and ZEB ( Figure 1B) Dynamics of ZEB mRNA ( m Z ) and ZEB protein ( Z ) is described by the following equations:
where g m Z and g z are the innate production rates of ZEB mRNA and ZEB protein respectively, and k m Z and k z are their respective innate degradation rates. 16 ere g m Z and g Z are the innate production rates of ZEB mRNA and ZEB protein respectively, denotes the translational inhibition of ZEB mRNA by miR-200.
Dynamics of OVOL mRNA (m o ) and protein (O) is described by the following equations:
where and g m O are 16 where g m Z and g Z are the innate production rates of ZEB mRNA and ZEB protein respectively, and k m Z and k Z are their respective innate degradation rates. (1). Later, we incorporated the effect of BMP7/ Smad4 pathway that activates OVOL and that of Armadillo/ dTCF complex that inhibits OVOL. Details of the model construction and parameter values used in the model can be found in SI section 1 (Table S1, S2). The model is quite robust with respect to changes in parameter values as discussed in SI section 2 (Figure S1 for prostate cancer and Figure S2 for breast cancer).
